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IONIC CATALYST FOR THE PRODUCTION OF 
POLY-O-OLEFINS OF CONTROLLED TACTICITY 



PTETjD of THE INVENTION 

This invention relates to an ionic catalytic process 
for the production of polyalpha-olef in resins which 
process permits improved control over tacticity, 

5 molecular weight and molecular weight distribution. Such 
poly-o-olef ins are produced to the desired tactic 
configurations by polymerization of alpha-olef in monomers 
in the presence of a catalyst system comprising an ionic 
reaction product of a bis(cyclopentadienyl) Group IVB 

10 metal compound (hereafter a "metallocene") of specific 
structure and an activator compound comprising a cation 
which is capable of donating a proton or is . ot-b««-w< «s- 

reactable with a non-cyclopentadienyl ligand of the 
metallocene and an anion which is compatible with and 

15 non-coordinating to the metallocene cation generated upon 
reaction of the metallocene with said activator compound. 
By appropriate selection of the metallocene and activator 
components as hereinafter described, the aforementioned 
catalyst system can be tailored to the production of the 

20 desired weight average molecular weight (MJ poly-o- 
olef ins of a select tacticity type and level such as 
isotactic, syndiotactic or hemiisotactic configurations. 
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BACK6R0UND OF THE INVENTTOW 

Polymers comprised of alpha-olefin monomers have 
hydocarbyl groups pendant from the polymer backbone 
chain. Relative to the polymer backbone chain, the 

5 pendant hydrocarbyl groups may be arranged in different 
stereochemical configurations vhich are denominated as 
atactic, isotactic, or syndiotactic pendant group 
configuration. 

The degree and type of tacticity of a polyolef in 

10 molecule is a critical determinant of the physical 
properties vhich a resin composed of such polymer 
molecules will exhibit. Other critical determinants of 
the properties vhich a resin will exhibit are the type 
and relative concentration of monomers and comonomers, 

15 the veight average molecular weight (H„) of the polymer 
molecules comprising the resin bulk, the molecular veight 
distribution (MWD) and the composition distribution of 
the resin. 

Important f rom a commercial standpoint is the rate 
20 or productivity at vhich a catalyst system vill produce 
a polyalpha-olef in resin of a desired set of properties 
in terms of tacticity, veight average molecular veight 
and molecular veight distribution. 

The veight average molecular veight (M^) of a 
25 polyalpha-olef in is an important physical oropertv 
determinant of the practical uses to vhich such polymer 
can be put. For end use applications vhich require high 
strength and lov creep, the n\, of such a resin must 
generally be in excess of 100,000. Further, for such 
30 high strength applications, the polyalpha-olef in resin 
must generally have a high degree of crystallinity. The 
degree of crystallinity vhich a polyalpha-olef in is 
capable of obtaining is, in major part, determined by the 
stereochemical regularity of the hydrocarbyl groups vhich 
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are pendent to the polymer molecule backbone, i.e., the 
tacticity of the polymer. 

Five types of tacticity have been described in poly- 
a-olefins: atactic, normal isotactic, isotactic 

5 stereoblock, syndiotactic, and hemiisotactic. Although 
all of these tacticity configurations have been primarily 
demonstrated in the case of polypropylene, in theory each 
is equally possible for polymers comprised of any e- 
olefin, cyclic olefin or internal olefin. 

10 Atactic poly-a-olefins are those wherein the 

hydrocarbyl groups pendent to the polymer molecule 
backbone assume no regular order in space with reference 
to the backbone. This random, or atactic, structure is 
represented by a polymer backbone of alternating 

15 methylene and methine carbons, with randomly oriented 
branches substituting the methine carbons. The methine 
carbons randomly have R and S configurations, creating 
adjacent pairs either of like configuration (a "meso" or 
"m" dyad) or of unlike configuration (a "racemic" or "r" 

20 dyad) . The atactic form of a polymer contains 
approximately equal fractions of meso and racemic dyads. 

Atactic poly-a-olefins, particularly atactic 
polypropylene, are soluble in aliphatic and aromatic 
solvents at ambient temperature. Since atactic polymers 

25 exhibit no regular order or repeating unit configurations 
in the polymer chain, such atactic nolvmer* ar*> — 

materials. Atactic polymers exhibit little if any 
crystallinity, hence they are generally unsuitable for 
high strength applications regardless of the weight 

30 average molecular weight of the resin. 

Isotactic poly-a-olefins are those wherein the 
pendent hydrocarbyl groups are ordered in space to the 
same side or plane of the polymer backbone chain. Using 
isotactic polypropylene as an example, the isotactic 

35 structure is typically described as having the pendent 
methyl groups attached to the ternary carbon atoms of 
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successive monomer ic units on the same side of a 
hypothetical plane through the carbon backbone chain of 
the polymer, e.g., the methyl groups are all above or 
below the plane as shown below. 

5 The degree of isotactic regularity nay be measured by NMR 
techniques. Bovey's NMR nomenclature for an isotactic 
pentad is . • . mmmm . . • with each "m" representing a 
"meso" dyad or successive methyl groups on the same side 
in the plane. 

10 in the normal isotactic structure of an poly-a- 

olefin, all of the monomer units have the same 
stereochemical configuration, with the exception of 
random errors which appear along the polymer. Such 
random errors almost always appear as isolated inversions 

15 of configuration which are corrected in the very next ce- 
de fin monomer insertion to restore the original R or S 
configuration of the propagating polymer chain. Single 
insertions of inverted configuration give rise to rr 

20 triads, which distinguish this isotactic structure in its 
NMR from the isotactic stereoblock form. 
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As is known in the art, any deviation or inversion in the 
regularity of the structure of the chains lowers the 
degree of isotacticity and hence the crystallinity of 
which the polymer is capable. There are two other types 
5 of "errors" which have been observed in isotactic 
polymers prepared using metallocene-alumoxane catalyst 
systems which act to lower the melting point and/or T g of 
the material. These errors, as shown below arise when a 
monomer is added to the growing polymer chain in a 1, 3 
10 or 2,1 fashion. 



30 



1,3 mser+w»v 



.? T_T X 

2,1 insert i»* 

Long before anyone had discovered a catalyst system 
which produced the isotactic stereoblocJc form of a poly- 
a-olefin, the possible existence of a polymer of such 
micro-structure had been recognized and mechanisms for 
15 its formation had been proposed based on conventional 
Ziegler-Natta mechanisms in Langer, A.W., Lectt Piennt 
Polvm. svmo. 7th (1974); Ann. M.Y. Acad. Scl. 295, 110- 
126 (1977). The first example of this form of 
polypropylene and a catalyst which produces it in a pure 
20 form were reported in U.S. Patent Ho. 4,522,982. The 
formation of stereoblock isotactic polymer differs from 
the formation of the normal isotactic structure in the 
way that the pro- agation site reacts to a stereochemical 
error in the chain. As mentioned above, the normal 
isotactic chain will return to the original configuration 
following an error because the stereochemical regulator, 
the catalytic active metal species and its surrounding 
ligands, continue to dictate the same stereochemical 
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preference during monomer insertion. In stereoblock 
propagation, the catalytic active metal site itself 
changes from one which dictates a monomer insertion of R 
configuration to one vhich dictates an S configuration 
5 for monomer insertion. The isotactic stereoblock form is 
shown below. 




This occurs either because the metal and its ligands 
change to the opposite stereochemical configuration or 
because the configuration of the last added monomer, 

10 rather than the metal chirality, controls the 
configuration of the next added monomer. In Ziegler- 
Natta catalysts, including the above referenced system, 
the exact structure and dynamic properties of the active 
site are not well understood, and it is virtually 

15 impossible to distinguish between the "site chirality 
exchange" and "chain end control" mechanisms for the 
formation of isotactic stereoblock poly- l-olef ins. 

Unlike normal isotactic polymers, the lengths of 
individual blocks of the same configuration in t.h* 

20 stereoblock structure vary widely due to changing 
reaction conditions. Since only the erroneous parts of 
the chains affect the crystal linity of the resin product, 
in general, normal isotactic polymers and isotactic 
stereoblock polymers of long block length (greater than 

25 50 isotactic placements) have similar properties. 

Highly isotactic poly-a-olef ins are insoluble in 
xylene and are capable of exhibiting a high degree of 
crystallinity. Accordingly, isotactic poly-a-olef ins 
are, depending upon their weight average molecular weight 

30 exceeding about 100,000, well suited to high strength end 
use applications. 
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Syndiotactic poly-a-olefins are those wherein the 
hydrocarbyl groups pendent to the polymer molecular 
backbone alternate sequentially in order from one side or 
plane to the opposite side or plane relative to the 
5 polymer backbone, as shown below. 



I I 




In NHR nomenclature, this pentad is described as . . . rrrr 
... in which each r represents a "racemic" dyad, i.e., 
successive methyl groups on alternate sides of the plane. 
The percentage of r dyads in the chain determines the 

10 degree of syndiotacticity of the polymer. 

Syndiotactic propagation has been studied for over 
25 years; however, only a few good syndiospecific 
catalysts have been discovered, all of which are 
extremely sensitive to monomer bulkiness. As a result, 

15 well-characterized syndiotactic polymers are limited only 
to polypropvlenes. The molecular chain backbone of 
syndiotactic polymer can be considered to be a copolymer 
of olefins with alternating stereochemical 
configurations. Highly syndiotactic polymers are 

20 generally highly cr' ;talline and will frequently have 
high melting points similar to their isotactic 
polymorphs. 

Like isotactic poly-ct-olef ins, syndiotactic poly-a- 
olefins are capable of exhibiting a high der ee of 
25 crystallinity, hence are suitable for high strength 
applications provided their K„ exceeds about 100,000. 

For any of the above described materials the final 
resin properties and its suitability for particular 
applications depend on the type of tacticity, the melting 
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point (stereoregularity) , the average molecular weight, 
the molecular weight distribution, the type and level of 
monomer and comonomer, the sequence distribution, and the 
presence or absence of head or end group functionality. 

5 Accordingly, the catalyst system by which such a 
stereoregular polyalpha-olef in resin is to be produced 
should, desirably, be versatile in terms of H^,, MWD, 
tacticity type and level, and comonomer choice. Further, 
the catalyst system should be capable of producing these 

10 polymers with or without head and/or end group 
functionality, such as olefinic unsaturation. Still 
further, such catalyst system must be capable, as a 
commercially practical constraint, of producing such 
resins at an acceptable production rate. Most 

15 preferably, the catalyst system should be one which, at 
its productivity rate, provides a resin product which 
does not require a subsequent treatment to remove 
catalyst residue to a level which is acceptable for the 
resin in the end use application desired. Finally, an 

20 important feature 'of a commercial catalyst system is its 
adaptability to a variety of processes and conditions. 

Conventional titanium based Ziegler-Natta catalysts 
for the preparation of isotactic polymers are well known 
in the art. These commercial catalysts are well suited 

25 for the production of highly crystalline, high molecular 
weight materials. The systems are, however, limited in 
terms of molecular weight, molecular weight distribution, 
and tacticity control. The fact that the conventional 
catalysts contain several types of active sites further 

3C limits their ability to control the composition 

distribution in copolymerization. * 

More recently a new method of producing isotactic 
polymers from an alumoxane cocatalyzed, or activated, « 
metallocene which in its natural state has chirality 

35 centered at the transition metal of the metallocene, was 
reported in Ewen, J. A. , J. Amer. chem. Soc. . v. 106, p. 
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6355 (1984) and Kaminsxy, W., et al., Angew, Chem, Intt 
Bd. Eng.; 24., 507-8 (1985). 

Catalysts that produce isotactic polyolefins are 
also disclosed in Patent No. 4,794,096. This patent 

5 discloses a chiral, stereorigid metallocene catalyst 
which is activated by an alumoxane cocatalyst which is 
reported to polymerize olefins to isotactic polyolefin 
forms. Alumoxane cocatalyzed metallocene structures 
which have been reported to polymerize stereoregularly 

10 are the ethylene bridged bis-indenyl and bis-tetra- 
hydroindenyl titanium and zirconium (IV) catalyst. Such 
catalyst systems were synthesized and studied in Wild et 
al., jL araangBSfci CteBb 232, 233-47 (1982), and were 
later reported in Ewen and Kaminsky et al., mentioned 

15 above, to polymerize a-olefins stereoregularly. Further 
reported in West German Off DE 3443087A1 (1986), but 
without giving experimental verification, is that the 
bridge length of such stereorigid metallocenes can vary 
from a C 2 to C 4 hydrocarbon and the metallocene rings can 

20 be simple or bi-cyclic but must be asymmetric 

Metallocene-alumoxane catalyst generally require a 
high content of alumoxane cocatalyst to be sufficiently 
productive for commercial use. Accordingly, metallocene- 
alumoxane produced isotactic poly-a-olef in resins 

25 generally have a higher than desired catalyst residue 
content. Hafnium systems, which yield polymers of 
higher average than the zirconium analogs, have very 
low activities even at high alumoxane concentrations, 
syndiotactic polyolefins were first disclosed by 

30 Natta et al. in U.S. Patent No. 3,258,455. As reported, 
Natta obtained syndiotactic polypropylene by using a 
catalyst prepared from titanium trichloride and diethyl 
aluminum monochloride. A later patent to Natta et al., 
U.S. Patent No. 3,305,538, discloses the use of vanadium 

35 triacetylacetonate or halogenated vanadium compounds in 



WO 92/05208 



PCT/US91/06692 



combinations with organic aluminum compounds for 
production of syndiotactic polypropylene. 

ifore recently, a metallocene based catalyst system 
has been disclosed which is stated to be capable of 

5 production of syndiotactic polypropylene of high 
stereoregularity. U.S. Patent No. 4,892,851 describes 
catalyst systems consisting of a bridged metallocene 
having at least two differently substituted 
cyclopentadienyl ring ligands which, when cocatalyzed 

10 with an alumoxane, is stated to be capable of production 
of syndiotactic polypropylene. Again, in commercial 
production to obtain a sufficient productivity level with 
such catalyst system, the content of alumoxane is 
undesirably high and consequently the catalyst residue in 

15 the resin so produced is undesirably high. 

In all methylalumoxane/metallocene catalyst systems 
the polymer characteristics (M^, MWD, tacticity type, 
comonomer incorporation, etc.) are controlled either by 
modifications to the structure of the metallocene 

2C precursor or by adjustment of the process conditions 

(temperature, pressure, concentrations). In general, 
adjustment of process conditions does not allow 
independent control of tacticity level, and comonomer 
content. Addition of chain transfer agents such as 

25 hydrogen gas to the reactor gives lower molecular weight 
products without affecting tacticity, however, the 
resulting polymer no longer has unsaturated end groups. 
End group functionalization is often an important feature 
in the application of low molecular weight polymers. 

30 Given these limitations, one must prepare a wide variety 
of differently substituted metallocene precursors to 
access the entire range of desired materials. 

In view of the difficulty and practical limitations 
in the synthesis of bridged metallocene complexes 

35 necessary for the production of an alumoxane activated 
metallocene catalyst system capable of producing 
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crystalline poly-l-olefins, it would be desirable to 
develop new methods of activation which expand the 
product capability of a particular netallocene catalyst. 

CTTMMEPV OV THE INVENTION 

5 The invention comprises a process and catalyst 

system for the production of controlled tacticity, more 
particularly syndiotactic, polyolefins with variable 
molecular weight, molecular weight distribution, 
stereoregularity and end group functionalization. The 

10 process comprises contacting a-olefin monomers and 
comonomers in a suitable solvent at a temperature of 
from about 0"C to about 300 *C with an ionic catalyst to 
produce a polymer. 

The ionic catalyst, which is a critical component of 

15 this inventive polymer ization process, comprises the 
reaction product of a first component which is a 
bis(cyclopentadienyl) derivative of a metal of Group IV-B 
of the Periodic Table of the Elements, which metal is 
capable of forming a cation formally having a 

20 coordination number of 3 and a valence of +4; and at 
least one second component comprising a cation capable of 
reaction with a non-cyclopentadienyl ligand of the 
netallocene to generate a metallocene cation complex and 
a compatible non-coordinating anion, which anion is bulky 

25 and labile, and capable of stabilizing the Group IV-B 
metal cation without interfering with the ability of said 
Group IV-B metal cation, or its decomposition product, to 
polymerize alpha-olef ins to form polymers. 

In the case where the bis(cyclope idienyl) 
30 Group IV-B metal component (hereafter referred to as 
a "metallocene") selected for the ionic catalyst is 
a chiral racemic compound which is substantially 
free of achiral meso isomers, there may be produced 
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a poly-a-olefin which is predominantly of an 
isotactic stereochemical configuration. In 
accordance with this invention, when the metallocene 
selected for the ionic catalyst is a bridged 
5 stereorigid compound composed of two different 
cyclopentadienyl ligands each of which is free of 
asymmetric carbon atoms, the process of this 
invention produces a poly-a-olef in which is 
predominantly of the syndiotactic stereochemical 

10 configuration. In general the ionic catalyst system of 
this invention derived from a particular metallocene 
complex will produce a polymer having the same type of 
tacticity which would be produced using methylalumoxane 
as the activating reagent* The ionic catalyst system 

15 allows new levels of control of the polymer properties 
(M^ MWD, tacticity level, end groups, comonomer content, 
low ash, etc.) for a single metallocene precursor by use 

of an activator having specific cation and anion as 
well as by the addition of third components such as 
20 Lewis bases and chiral Lewis bases. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The invention provides a method for producing a 
poly-a-olef in of syndiotactic stereochemical 
configuration. 

25 By the process of this invention, the poly-a-olef in may 
be produced to a weight average molecular weight (M w ) 
which suits it well to high strength applications, and 
the so produced resin has a minimal catalyst residue 
which does not require deashing of the resin to render it 
30 suitable for desired end use applications. 

Ionic Cat alyst System - General Description 
The process of this invention is practised with that 
class of ionic catalysts referred to, disclosed, and 

described in EP-A-0277003 and EP-A-0277004 . 
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The improved catalysts are prepared by combining at 
least two components. The first component is a 
bis(cyclopentadienyl) derivative of a Group IV-B metal 
compound containing at least one ligand which will 
combine with the second component or at least a portion 
thereof such as a cation portion thereof. The second 
component is an ion-exchange compound comprising a cation 
which will irreversibly react with at least one ligand 
contained in said Group IV-B metal compound (first 
component) and a non-coordinating anion which is either 
a single coordination complex comprising a plurality of 
lipophilic radicals covalently coordinated to and 
shielding a central formally charge-bearing metal or 
metalloid atom or an anion comprising a plurality of 
boron atoms such s polyhedral boranes, carboranes and 
metallacarboranes . 

The cation portion of the second component may 
comprise Bronsted acids such as protons or protonated 
Lewis bases or may comprise reducible Lewis acids such as 
ferricinum, tropylium, triphenylcarbenium or silver 
cations. 

In general, suitable anions for the second component 
may be any stable and bulky anionic complex having the 
following molecular attributes: 1) the anion should have 

a molecular diameter greater than 4A; 2) the anion should 
form stable ammonium salts; 3) the negative charge on the 
anion should be delocalized over the framework of the 
anion or be localized within the core of the anion; 4) 
the anion should be a relatively poor nucleophile; and 5) 
the anion should not be a powerful reducing to oxidizing 
agent. Anions meeting these criteria - such as 
polynuclear boranes, carboranes, metallacarboranes, 
polyoxoanions and anionic coordination complexes are well 
described in the chemical literature. Upon combination 
35 of the first and second components, the cation of the 
second component reacts with one of the ligands of the 



20 



25 



30 
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first component, thereby generating an anion pair 
consisting of a Group IV-B metal cation and the 
aforementioned anion, which anion is compatible with and 
noncoordinating towards the Group IV-B metal cation 

5 formed from the first component. The anion of the second 
compound must be capable of stabilizing the Group IV-B 
metal cation without interfering with the Group IV-B 
metal cation's ability to function as a catalyst and must 
be sufficiently labile to permit displacement by an 

10 olefin, diolef in or an acetylenically unsaturated monomer 
during polymerization. 

A. The Metal locene Component 

The Group IV-B metal compounds; i.e., titanium, 
zirconium and hafnium metal locene compounds, useful as 

15 first compounds in the preparation of the improved 
catalyst of this invention are bis(cyclopentadienyl) 
derivatives of titanium, -zirconium and hafnium. In 
general, useful titanocene, zirconocenes and hafnocenes 
may be represented by the following general formulae: 

20 1. (A-Cp)MX 1 X 2 

2. (A-Cp)M5F5 , 2 

3. (A-Cp)HL 

4. (Cp*) (CprTToCj 

wherein "Cp" represents a cyclopentadienyl radical which 
25 nay be substituted or unsubstituted, and: 

(A-Cp) is either (Op) (Cp*) or Cp-A«-Cp* and Cp and 
Cp* are the same or different cyclopentadienyl ring 
substituted with from zero to five substituent 
groups R. 

30 The substituent groups R may be, independently, 

selected from a wide variety of classes of radical groups 
which form covalent bonds to the carbon atoms of the Cp- 
rings. These substituents act to modify the catalyst 
behavior by affecting the symmetry, sterics, and 

35 electronics of the transition metal center. Illustrative 
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but not limiting examples of suitable R substituents 
include hydrocarbyl radicals containing from 1 to 50 
carbon atoms; substituted hydrocarbyl radicals wherein 
one or more of the hydrogen atoms is replaced by a 

5 halogen radical, a amido radical (X^jN-) a phosphido 
radical (X^P-) , an alkoxy radical (X^-) or any other 
radical containing Lewis acidic or basic functionality; 
hydrocarbyl substituted metalloid radicals wherein the 
metalloid is selected from the Group IV-A of the Periodic 

10 Table of elements; halogen radicals, amido radicals 
(XjXjN-), phosphido radicals (XjXjP-) , alkoxy radicals 
(X^-), alkylborido radicals (XxXjB-) , or any other 
radical containing Lewis acidic or basic functionality; 
or Cp and/or Cp* are a cyclopentadienyl ring in which two 

15 adjacent R groups are joined forming a C 4 to C 20 ring to 
give a saturated or unsaturated polycyclic 
cyclopentadienyl ligand such as indenyl, 
tetrahydroindenyl, fluorenyl, or octahydrof luorenyl; A« 
is a covalent bridging group between the two 

20 cyclopentadienyl groups; M is titanium, zirconium or 
hafnium; L is an olefin, diolefin or aryne ligand; X x and 
X 2 are, independently, selected from the group consisting 
of hydride radicals, hydrocarbyl radicals .having from X 
to about 20 carbon atoms, hydrocarbyl radicals wherein 

25 one or nore of the hydrogen atoms are replaced with a 
halogen atom, organometalloid radicals comprising a 
Group IV-A element wherein each of the hydrocarbyl 
substitutions contained in the organic portion of said 
organometalloid independently contain from.l to about 20 

30 carbon atoms and the like; X» x and X' 2 are joined and 
bound to the metal atom to form a metal lacycle, in which 
the metal atom, X'j and X' 2 form a hydrocarbocyclic ring 
containing from about 3 to about 20 carbon atoms; and R 
is a substituent, preferably a hydrocarbyl substituent, 

35 on one of the cyclopentadienyl radicals which is also 
bound to the metal atom. 
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The Group IV-B metal compounds useful as the 
first component in ionic catalyst systems for the 
production of crystalline syndiotactic polymer-a- 
olefins are bis-cyclopentadienyl derivatives of 

5 titanium, zirconium or hafnium which compounds are 
non-chiral bridged stereorigid compounds composed of 
two differently substituted cyclopentadienyl 
ligands, as distinguished from chiral racemic 
compounds which yield isotactic poly-a-olef ins. Such 

10 metallocene compounds are represented by the general 
formula set forth in equation 1-4 , wherein; M f X x , X 2 and 
L are defined as in Equations 1-4 and ACp is Cp-A f -Cp* 
where Cp and Cp* are each a cyclopentadienyl ligand which 
are independently unsubstituted or substituted at one or 

15 more carbon atoms of the ligands by one or more 
monovalent or divalent radicals R, and A 9 is a divalent 
hydrocarbon or silahydrocarbon radical which structurally 
bridges together the cyclopentadienyl ring ligands to 
impart stereorigidity to the Group IV-B metal compound 

20 such that the Group IV-B compound is non-chiral and 
the two cyclopentadienyl ligands have distinctly 
different chemical structures (for producing 
syndiotactic polymer) ; in contrast to the Group IV-B 
metal compound being a chiral compound either in its 

25 pure L or pure D optical isomer form or a racemic 
mixture thereof (for producing isotactic polymer) . 

Stereorigid chiral metallocene components for 
producing isotactic polymers are described in EP-A- 
0277004, which shows that in general, catalysts 
30 prepared using chiral metallocene precursors produce 
poly-l-olef ins having enhanced isotactic character . 
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Suitable chiral Group IV-B metal compounds have 
cyclopentadiene ligand systems as defined in formula 
51: 




wherein M, X (whether X 1# X 2 , X' x or X» 2 ) and A' are 
5 defined as in equations 1-4. Substituents R y and R'y are 
defined as R in equations 1-4 where the subscript "y" 
denotes the carbon atom on the Cp-ring to which the 
substituent is bonded and Ry and R» y are chosen in such 
a way as to preclude any plane of symmetry containing the 
10 metal center in Formula 5. 

Chiral metallocene precursors may be those 
of Formula 51 where Ry and R» y are chosen such that the 
metallocene framework 1) has no plane of symmetry 
containing the metal center, and 2) has a Cj-axis of 
15 symmetry through the metal center. Such complexes, such 
as rac-Me 2 Si(Indene) 2 ZrMe 2 , are well known in the art and 
generally produce isotactic polymers with higher degrees 
of stereoregularity than less symmetric chiral systems. 

Chiral racemic metallocene compounds which provide 
20 ionic catalyst system which are specific to the 
production of 

isotactic poly-a-olefins include: racemic [1,1- 
dimethylsilanylene-bis(3-methylcyclopentadienyl)] 
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zirconium dimethyl; [l,i*-dimethylsilanylene- 
bis(indenyl) ] zirconium dihydride; [1,1'- 
dimethylsilanylene-bis ( 4 , 5 , 6 , 7-tetrahydroindenyl) ] 
zirconium (methyl) hydride; 1 , 1 ' - ( 1 , 1 , 2 , 2- 

5 tetramethyldisilanylene) -bis ( 3-methy lcyclopentadienyl) ] 
zirconium dimethyl; [ 1 , 1 ' - ( 1 , 1 , 2 , 2 - 
tetramethyldisilanylene) -bis (4 , 5,6, 7-tetrahydroindenyl) ] 
zirconium diphenyl; [l,l'-dimethylsilany lene-bis (3- 
trimethylsilany lcyclopentadienyl) ) zirconium dihydride; 

io [l,l«-(l,l,2, 2-tetramethyldisilanylene) -bis (3- 
tr ime thy Is ilany lcyclopentadienyl) ] zirconium dimethyl; 
[1,1* - (1,1,3, 3-tetramethy ldisiloxany lene) -bis (4,5,6,7- 
tetrahydroindenyl) ] zirconium (phenyl) hydride; [l # l a - 
(1,1,4,4 -tetramethyl-1 , 4 -disilanylbutylene) -bis (4,5,6,7- 

15 tetrahydroindenyl) ] zirconium dimethyl; [l,l'-(2,2- 
dimethy 1-2 -silapropy lene) -bis (3-methy lcyclopentadienyl) ] 
zirconium dimethyl; racemic [1,1-dimethylsilanylene- 
bis( 3-methy lcyclopentadienyl) ] hafnium diethyl; [1,1'- 
dimethy lsi lany lene-bis ( indeny 1) hafnium dimethyl ; ( 1 , 1 1 - 

20 dimethylsilany lene-bis (4, 5, 6, 7-tetrahydroindenyl) ] 
hafnium diphenyl; (1,1'-(1, 1,2, 2-tetramethyl- 
disilanylene) -bis (3-methy lcyclopentadienyl) ] hafnium 
dihydride; [1,1'-(1,1,2, 2-tertamethyldisi lany lene) - 
bis (4, 5, 6, 7-tetrahydroindenyl)] hafnium dibutyl; [1,1'- 

25 dimethylsilanylene-bis(trimethylsilanyl- 
cyclopentadienyl) ] hafnium dimethyl; [1,1 
-(1,1,2, 2-tetramethyldisilanylene) -bis (3- 
trimethylsilany lcyclopentadienyl) ] hafnium dimethyl; 
[l,l , -(l,l,3, 3-tetramethy ldisiloxany lene) -bis (4,5,6,7- 

30 tetrahydroindenyl)) titanium dihydride; [1,1«-(1,1,4,4- 
tetramethyl-1 , 4-disilanylbutylene) -bis (4 , 5, 6, 7- 

tetrahydroindenyl) ) hafnium dimethyl; and titanium 
dihydride. 
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In contrast to such metallocenes for producing 
isotactic polyolefins, it has now been found that in 
combination with the co-anionic activators described 
herein, certain stereorigid metallocenes with differing 

5 cyclopentadienyl ligands yield syndiotactic polyolefins. 

The netallocene components employed to provide an 

ionic catalyst which is specific to the production of 
syndiotactic polyolefins in accordance with the process 
of the present invention may be described by the general 

10 formula set forth in equations 1-4 wherein; M, X 2 , X 2 and 
L are defined as in equations 1-4 and ACp is Cp-A'-Cp* 
and cp and Cp* are independently substituted such that 
the two bridged cyclopentadienyl ligands have distinctly 
different chemical structures, and A' is a divalent 

15 bridging group which links the two cp-ligands together to 
impart stereorigidity to the Group iv-B metal compound. 
Suitable Group IV-B metal compounds have cyclopentadienyl 
ligand systems as defined in formula 5S. 



5S. 




wherein M, X (whether X lt X 2 , X'j or X» 2 ) and A' are 
20 defined as in equations 1-4. Substituents Ry and R* y are 
defined as R in equations 1-4 where the subscript "y" 
denotes the carbon atom on the Cp-ring to which the 
substituent is bonded and Ry and R' y are chosen such that 
the two Cp-ligands have substantially dif fer*»n«- steric 
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bulk. In order to produce a syndiotactic polymer the 
pattern of the groups substituted on the Cp-rings is 
important. Thus, by "steric difference" or "sterically 
different" as used herein, it is intended to imply a 

5 difference between the steric characteristics of the Cp 
and Cp* rings that renders each to be symmetrical with 
respect to the A' bridging group but different with 
respect to each other that controls the approach of each 
successive monomer unit that is added to the polymer 

10 chain. The steric difference between the Cp and Cp* 
rings acts to block the approaching monomer from a random 
approach such that the monomer is added to the polymer 
chain in the syndiotactic configuration. 

Preferable metallocene precursors for the production 

15 of syndiotactic polymers are those of Formula 5S where Ry 
and R' y are chosen such that 1) the steric difference 
between the two Cp-ligands is maximized and 2) there 
remains a plane of symmetry through the metal center and 

the C-l and C-l' cirbon atoms of the Cp-rings in Formula 
20 5S. Thus, complexes containing a first cyclopentadienyl 
which carries no substituent R, and a second 
cyclopentadienyl which is extremely bulky e.g. a 
fluorenyl group, such as (CH 3 ) 2 

C(Cp) (Fluorenyl)M(CH 3 ) 2 (where M ■ Ti, Zr, or Hf) which 
25 posses this symmetry are preferred, and generally produce 
the syndiotactic polymers with higher degrees of 
stereoregularity than less symmetric chiral systems. 
The nature of the bridging group may then be selected 
to determine e.g. molecular weight. 

30 The non-chiral bridged metallocene 

precursors for the formation of the ionic catalysts of 
this invention may be prepared by any method known in the 
art. The synthesis process generally comprises the steps 
of 1) preparing the ligand, 2) deprotonating the two 

35 acidic protons of the ligand (using BuLi, KH or other 
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strong bases), 3) reacting the deprotonated ligand with 
the halide of the transition metal, 4) purifying the 
metallocene halide complex (usually ACpMCl 2 ), and 5) 
reacting the metallocene dihalide with MeLi or a hydride 

5 source to give the final product ACpM(X 1 ) 2 where X is 
methyl or hydride. 
B. The Activator Component 

Compounds useful as an activator component in the 
preparation of the ionic catalyst systems used in the 

10 process of this invention comprise a cation, which may be a 

Bronsted acid capable of donating a proton, and a 
compatible non-coordinating anion which anion is 
relatively large (bulky), capable of stabilizing the 
active catalyst species (the Group IV-B cation) which is 

15 formed when the two conpounds are combined and said anion 
will be sufficiently labile to be displaced by olef inic 
diolefinic and acetylenically unsaturated substrates or 
other neutral Lewis bases such as ethers, nitriles and 
the like. Two classes of compatible non-coordinating 

20 anions have been disclosed in EP-A-0277003 and 
EP-A-0277004: 1) anionic 

coordination complexes comprising a plurality of 
lipophilic radicals covalently coordinated to and 
shielding a central charge-bearing metal or metalloid 

25 core, and 2) anions comprising a plurality of boron atoms 
such as carboranes, metal lacarboranes and boranes. 

In general, the activator compounds containing 
single anionic coordination complexes which are useful in 
this invention may be represented by the following 

30 general formula in which, for purposes of this 
exemplification, the cation is a proton donor, although 
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the invention is not restricted in this regard: 

5. [ (L'-H)*] d [ (K 9 )**QiQ2* • .0*}*- 
vherein: 

L v is a neutral Levis base; 
5 H is a hydrogen atom; 

[L 9 -H] is a Bronsted acid; 

N v is a metal or metalloid selected from the 
Groups subtended by Groups V-B to V-A, VIII-B, VIII # I-B, 
II-B, III-A, IV-A, and V-A; 

10 Qi to Q Q are selected, independently, from the 

Group consisting of hydride radicals, dialkylamido 
radicals, alkoxide and aryloxide radicals, hydrocarbyl 
and substituted-hydrocarbyl radicals and 
organometalloidradicals and any one, but not more than 

15 one, of Q x to Q n may be a halide radical, the remaining 
Qi to C n being, independently, selected from the 
foregoing radicals; 

m is an integer from 1 to 7; 

n is an integer from 2 to 8; and n - m * d. 

20 As indicated above, any metal or metalloid capable 

of forming an anionic complex which is stable in water 
may be used or contained in the anion of the second 
compound. Suitable metals, then, include, but are not 
limited to, aluminum, gold, platinum and the like. 

25 Suitable metalloids include, but are not limited to, 
boron, phosphorus, silicon and the like. compounds 
containing anions which comprise coordination complexes 
containing a single metal or metalloid atom are, of 
course, well known and many, particularly such compounds 

30 containing a single boron atom in the anion portion, are 
available commercially. In light of this, salts 
containing anions comprising a coordination complex 
containing a single boron atom are preferred. 
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The preferred activator compounds comprising boron 
nay be represented by the following general formula: 
5A. [L»H]*[BXr 1 Ar 2 X 3 X 4 ]- 
Wherein: 

5 L* is a neutral Lewis base; 

H is a hydrogen atom; 

[L'-H]* is a Bronsted acid; 

B is boron in a valence state of 3; 

Ar x and Ar 2 are the same or different aromatic 

10 or substituted-aromatic hydrocarbon radicals containing 
from about 6 to about 20 carbon atoms and may be linked 
to each other through a stable bridging group; and 

X 3 and X 4 are radicals selected, independently, 
from the group consisting of hydride radicals, halide 

15 radicals, with the proviso that X 3 and X 4 will not be 
halide at the same time, hydrocarbyl radicals containing 
from 1 to about 20 carbon atoms, substituted-hydrocarbyl 
radicals, wherein one or more of the hydrogen atoms is 
replaced by a halogen atom, containing from 1 to about 20 

20 carbon atoms, hydrocarbyl-substituted metal 
(organometalloid) radicals wherein each hydrocarbyl 
substitution contains from 1 to about 20 carbon atoms and 
said metal is selected from Group IV-A of the Periodic 
Table of the elements and the like. 

25 m general, Ar t and Ar 2 may, independently, be any 

aromatic or substituted-aromatic hydrocarbon radical 
containing from about 6 to about 20 carbon atoms. 
Suitable aromatic radicals include, but are not limited 
to, phenyl, naphthyl and anthracenyl radicals. Suitable 

30 substituents on the substituted-aromatic hydrocarbon 
radicals, include, but are not necessarily limited to, 
hydrocarbyl radicals, organometalloid radicals, alkoxy 
radicals, alkylamido radicals, fluoro and 
fluorohydrocarbyl radicals and the like such as those 

35 useful as X 3 and X 4 . The substituent may be ortho, meta 
or para, relative to the carbon atoms bonded to the boron 
atom. When either or both X 3 and X 4 are a hydrocarbyl 
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radical, each nay be the sane or a different aronatic or 
substituted-aronatic radical as are kr l and Ar 2 , or the 
sane nay be a straight or branched alkyl, alkenyl or 
alkynyl radical having fron 1 to about 20 carbon a tons, 
5 a cyclic hydrocarbon radical having fron about 5 to about 
8 carbon atons or an alkyl-substituted cyclic hydrocarbon 
radical having fron about 6 to about 20 carbon atons. X 3 
and X 4 nay also, independently be alkoxy or dialkvlantdo 

radicals wherein the alkyl portion of said alkoxy and 

10 dialkylanido radicals contain fron 1 to about 20 carbon 
atons, hydrocarbyl radicals and organonetalloid radicals 
having fron 1 to about 20 carbon atons and the like. As 
indicated above, kr 1 and Ar 2 could be linked to either X 3 
or X 4 . Finally, X 3 and X 4 nay also be linked to each 

15 other through a suitable bridging group. 

Illustrative, but not Uniting, exanples of boron 
conpounds which nay be used as an activator conponent in 
the preparation of the improved catalysts of this 
invention are trialkyl-substituted ammonium salts such as 

20 triethylanmonium tetra (phenyl) boron, tripropylammoniun 
tetra (phenyl) boron, tri(n- butyl) annon iun 
tetra (phenyl) boron, trinethylannoniun tetra (p- 
to lyl ) boron , tr ime thy lammonium tetra ( o-toly 1 ) boron , 
tributyl annon iun tetra (pent afluorophenyl) boron, 

25 tripropylammoniun tetra (o, p- dimethyl phenyl) boron, 
tributylannoniun tetra (n,n-dinethylphenyl) boron, 
tr ibuty lammoniumtetra (p-tr i-f luoronethy lpheny 1) boron, 
tri(n-butyl) ammonium tetra ( o-toly 1) boron and the like; 
N,N-dialkyl aniliniun salts such as N,N-dinethylaniliniun 

30 tetra (pentaf luorophenyl) boron, H,N-diethylaniliniun 
tetra (phenyl) boron, H,N-2 , 4 , 5-pentamethylanilinium 
tetra (phenyl) boron and the like; dialkyl amnoniun salts 
such as di(i-propyl) amnoniun 
tetra ( pentaf luorophenyl) boron , dicyclohexy lammonium 

35 tetra (phenyl) boron and the like; and triaryl phosphoniun 
salts such as triphenylphosphoniun tetra (phenyl) boron, 
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tri (methylphenyl) phosphoniun tetra (phenyl) boron, 
tri (dimethylphenyl) phosphoniun tetra (phenyl) boron and the 
like. 

Similar lists of suitable compounds containing other 
5 metals and metalloids which are useful as activator 
components may be made, but such lists are not deemed 
necessary to a complete disclosure. In this regard, it 
should be noted that the foregoing list is not intended 
to be exhaustive and that other useful boron compounds as 
10 well as useful compounds containing other metals or 
metalloids would be readily apparent to those skilled in 
the art from the foregoing general equations. 

Activator components based on anions which contain 
a plurality of boron atoms may be represented by the 
15 following general formulae wherein (again for the 
purposes of illustration) the cation is a proton donor. 
However within the scope of this invention other cation 
types may be employed in accordance with the same 
general principles:- 

20 6. [L'-H] c [(CX) a )(M»X«) n X« b J c -, or 

7. [L«-H) d [ ( [ (CX 3 ) (M"X 4 ) B . (X 5 ) b ) c, -]2M n V- 
wherein [L'-H] is either H + , ammonium or a 
substituted ammonium cation having up to 3 hydrogen atoms 
replaced with a hydrocarbyl radical containing from 1 to 

25 about 20 carbon atoms or a substituted-hydrocarbyl 
radical wherein one or more of the hydrogen atoms is 
replaced by a halogen atom phosphoniun radicals, 
substituted-phosphonium radicals having up to 3 hydrogen 
atoms replaced with a hydrocarbyl radical containing from 

30 1 to about 20 carbon atoms wherein 1 or more of the 
hydrogen atoms is replaced by a halogen atom, containing 
from 1 to about 20 carbon atoms and the like; C is 
carbon, N" is boron or phosphorus; each of X, X*, X", X 3 , 
X 4 and X 5 are radicals selected, independently from the 

35 group consisting of hydride radicals, halide radicals. 
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hydrocarbyl radicals containing from 1 to about 20 carbon 
atoms, substituted-hydrocarbyl radicals, wherein one or 
more of the hydrogen atoms is replaced by a halogen atom, 
containing from 1 to 20 carbon atoms, organometalloid 

5 radicals wherein each hydrocarbyl substitution in the 
organo portion contains from 1 to about 20 carbon atoms 
and said metal is selected from Group IV_A of the 
Periodic Table of the Elements and the like; N is a 
transition metal; "a" and "b" are integers 0; "c" is an 

10 integer £ 1; a + b + c « an even-numbered integer from 2 
to about 8; and "m" is an integer ranging froa 5 to about 
22; ■a M » and "b 1 " are the same or a different integer * 
0; "c 1 " is an integer 2; a 1 + b 1 + c» - an even- 
numbered integer from 4 to about 8; "m" is an integer 

15 from 6 to about 12; "n" is an integer such that 2c' - n = 
d; and n d" is an integer greater than or equal to 1. 

Illustrative, but not limiting, examples of second 
components which can be used in preparing catalyst 
systems utilized in the process of this invention wherein 

20 the anion of the second component contains a plurality of 
metalloid atoms (as in formulae 6 and 7) are ammonium 
salts such as ammonium 1-carbadodecaborate (using 1- 
carbadodecaborate as an illustrative, but not limiting, 
counterion for the ammonium cations listed below) : 

25 monohydrocarbyl-substituted ammonium salts such as 
methylammonium 1-carbadodecaborate, ethylammonium 1- 
carbadodecaborate, propyl ammonium 1-carbadodecaborate, 
isopropyl ammonium 1-carbadodecaborate, (n-butyl) ammonium 
1-carbadodecaborate, anilinium 1-carbadodecaborate, and 

30 (p-tolyl) ammonium 1-carbadodecaborate and the like; 
dihydrocarbyl-substituted ammonium salts such as 
dimethylammonium 1-carbadodecaborate, diethylammonium 1- 
carbadodecaborate, dipropylammonium 1-carbadodecaborate, 
diisopropylammonium 1-carbadodecaborate, di(n- 

35 butyl) ammonium 1-carbadodecaborate, diphenylammonium 1- 
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carbadodecaborate, di (p-tolyl) ammonium 1- 
carbadodecaborate and the like: trihydrocarbyl- 
substituted ammonium salts such as trimethylammonium 1- 
carbadodecaborate, triethylammonium l-carbadodecaborate, 

5 tripropyl-ammonium l-carbadodecaborate, tri(n- 
butyl) ammonium l-carbadodecaborate, triphenylammonium 1- 
carbadodecaborate, tri (p-tolyl) ammonium 1- 
carbadodecaborate, N,N-dimethylanilinium 1- 
carbadodecaborate, N , N-diethylanilinium 1- 

10 carbadodecaborate and the like. 

Illustrative, but not limiting examples of second 
compounds corresponding to Formula 6 [using tri(n- 
butyl) ammonium as an illustrative, but not limiting, 
counterion for the anions listed below] are salts of 

15 anions such as bis[tri(n-butyl) ammonium] dodecaborate, 
bis[tri (n-butyl) ammonium] decachlorodecaborate, tri (n- 
butyl) ammonium dodecachlorododecaborate, tri(n- 
butyl) ammonium l-carbadecaborate , tri (n-butyl) ammonium 1- 
carbaudecaborate, tri (n-butyl ) ammoniuml- 

20 carbadodecaborate, tri (n-butyl) ammonium l-trimethylsilyl- 
l-carbadecaborate , tri ( n-butyl) ammonium dibromo-1- 
carbadodecaborate and the like; borane and carborane 
complexes and salts of borane and carborane anions such 
as decaborane(14) , 7,8-dicarbaudecaborane(13) , 2,7- 

25 dicarbaundecaborane ( 13 ) , undecahydr ido-7 , 8 -dimethy 1-7 , 8- 
dicarbaundecaborane , dodecahydrido-ll-methy 1-2 , 7-di- 
carbaundecaborane, tri (n-butyl) ammonium 
undecaborate ( 14) , tr i ( n-butyl ) ammonium6- 
carbadecaborate(l2) , tri (n-butyl) ammonium 7- 

30 C arbaundecaborate(13) , tri (n-butyl) ammonium 7,8- 
dicarbaundecaborate(12) , tri (n-butyl) ammonium 2,9- 
dicarbaudecaborate(12) , tri (n-butyl) ammonium 
dodecahydrido-8-methy 1-7 , 9-dicarbaundecaborate , tri (n- 
butyl) ammonium undecahydr ido-8-ethy 1-7 , 9- 

35 carbaundecaborate, tri- (n-butyl) ammonium undecahydr io-8- 
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allyl-7 , 9-dicarbaundecaborate , tri (n-butyl) ammonium 
undecahydrido-9-trimethylsilyl-7 , 8-dicarbaundecaborate, 
tri (n-butyl) ammonium undecahydr ido- 4 -6 , dibromo-7- 
carbaundecaborate and the like; boranes and carboranes 

5 and salts of boranes and carboranes such as 4- 
carbanonabor ane ( 14 ) , 1,3 -dicar banonabor ane (13), 6,9- 
dicarbadecaborane ( 14) , dodecahydrido-l-phenyl-1 , 3- 
dicarbanonaborane , dodecahydr ido-l-methy 1-1 , 3- 
dicarbanonaborane , undecahydr ido- 1 , 3 -dimethy 1-1-3 , - 

10 dicarbanonaborane and the like. 

Illustrative, but not limiting examples of second 
compounds corresponding to Formula 7 [using tri(n- 
butyl) ammonium as an illustrative, but not limiting, 
counterion for the anions listed below] are salts of 

15 metal lacarbor ane and metal labor ane anions such as tri(n- 
butyl) ammonium bis (nonahydrido-1,3- 
dicarbanonaborato) cobaltate (III) , tri (n-butyl) ammonium 
bis (undeca-hydr ido-7 , 8-dicarbaundecaboratof errate (III) , 
tri (n-butyl) ammonium bis (undecahydr ido-7 , 8- 

20 dicarbaundecaborato) cobaltate (III) , tri (n-butyl) ammonium 
bis (undecahydr ido-7 , 8-dicarbaunaborato) nikelate ( III) , 
tri (n-butyl) ammonium bis (nonahydr ido-7 , 8-dimethyl-7 , 8 - 
dicarbaundecaborato) ferrate ( III ) , tri ( n-butyl) ammonium 
bis ( nonahydrido-7 , 98-dimethyl-7 , 8 - 

25 dicarbaundecaborato) chromate (III ) . tri (n-butyl) ammonium 
bis (tribromooctahydrido-7,8- 
dicarbaundecaborato) cobaltate (III) , tri (n-butyl) ammonium 
bis (undecahydr idodicarbadodecaborato) cobaltate (III) , 
tris [tri (n-butyl) ammonium] bis (undecahydr ido-7 - 

30 carbaundecaborato) chromate (III) , bis[tri(n- 
butyl) ammonium] bie (undecahydr ido-7- 
carbaundecaborato) manganate (IV) , bis[tri(N- 
butyl) ammonium] bis (undecahydrido-7-carbaundecaborato) 
cobaltate (III) , bis [ tri ( n-butyl ) ammonium] 

35 bis (undecahydr ido-7 -carbaundecaborato) nickelate ( IV) and 
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the like. A similar list of representative phosphonium 
compounds can be recited as illustrative second 
compounds, but for the sake of brevity, it is simply 
noted that the phosphonium and substituted-phosphonium 
5 salts corresponding to the listed ammonium and 
substituted-ammonium salts could be used as second 
compounds in the present invention. 

Choice of Met allocene-Aetivator Pairs 

In general, and while most metal locene components 
10 identified above may be combined with most aotiva^r 
components identified above to produce an active olefin 
polymerization catalyst, it is important for continuity 
of the polymerization operations that either the metal 
cation initially formed from the metallocene component or 
15 a decomposition product thereof be a relatively stable 
catalyst. It is also important that the anion of the 
activator compound be stable to hydrolysis when an 
ammonium salt is used. Further, it is important that the 
reactivity (e.g. acidity) of the activator component be 
20 sufficient, relative to the metallocene component, to 
facilitate the needed charge (e.g. proton) transfer. 
Activator compounds containing aryl-ammonium salts such 
as N-N-dimethylanilium are more acidic than 
trialkylammonium salts and therefore are useful with a 
25 wider variety of metallocene components. The 

reactivity (e.g. basicity) of the metal complex must 
also be sufficient to facilitate the needed charge 
(e.g. proton) transfer. In general 

bis (cyclopentadienyl) metal compounds which can be 
30 hydrolyzed by aqueous solutions can be considered 

suitable as metallocene components to form the catalysts 

described herein. 

As indicated, the ionic catalyst compositions used 

by the process of the present invention will, preferably, 
35 be prepared in a suitable solvent or diluent. Suitable 

solvents or diluents include any of the solvents known in 

the prior art to be useful as solvents in the 
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polymerization of olefins, diolefins and acetylenically 
unsaturated monomers. Suitable solvents, then, include, 
but are not necessarily limited to, straight and 
branched-chain hydrocarbons such as isobutane, butane, 

5 pentane, hexane, heptane, octane and the like; cyclic and 
alicyclic hydrocarbons such as cyclohexane, cycloheptane, 
methylcyclohexane, methylcycloheptane and the like and 
aromatic and alkyl-substituted aromatic compounds such as 
benzene, toluene, xylene and the like. Suitable solvents 

10 also include liquid olefins which may act as monomers or 
comonomers including ethylene, propylene, butadiene, 
cyclopentene, 1-hexane, 3-methyl-l-pentene, 
4-methyl-l-pentene,l,4-hexadiene, 1-octene, 1-decene and 
the like. Suitable solvents further include basic 

15 solvents which are not generally useful as polymerization 
solvents when conventional Ziegler-Natta type 
polymerization catalysts are used such as chlorobenzene. 

As before discussed, the active catalyst species of 
the ionic catalyst systems used by the process of this 

20 invention is relatively stable and is not subject to the 
ion equilibrium deactivation as are alumoxane cocatalyzed 
metallocene catalyst systems. Unlike metallocene- 
alumoxane catalyst systems wherein, to obtain a practical 
level of catalyst productivity it is generally required 

25 to use an amount of alumoxane, measured as aluminum atom, 
to provide a ratio of Al: transition metal well in excess 
of 1000: l; the ionic catalyst systems used in the process 
of this invention which are highly productive may be 
prepared at ratios of metallocene to activator of 10:1 to 

30 about 1:1, preferably about 3:1 to 1:1. 

Furthermore, the structures of catalyst species 
depend on such factors as (1) the metallocene used and 
the degree to which the cyclopentadienyl ligands of such 
metallocenes are substituted; (2) the nature of the anion 

35 moiety of the second or activator compound and the degree 
and type of substitution on such anions; (3) the nature 
of the cation moiety of the second or activator compound 
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- particularly (in the case where the counter ion is a 
proton donor) the molecular size of the neutral Lewis 

base which is liberated fro* such cation upon loss 
therefrom of a proton; and (4) the ratios at which the 

5 metallocene and activator compound are employed. 

With respect to the combination of the metallocene 
component with the activator component to form a catalyst 
of this invention, it should be noted that the two 

10 compounds combined for preparation of the active catalyst 

must be selected so as to avoid transfer of a fragment of 
the anion to the metallocene metal cation, thereby 
forming a catalytically inactive species. This is done 
by steric hindrance, resulting form substitutions on the 

15 cyclopehtadienyl carbon atoms as well as substitutions on 
the non-coordinating anion. 

It follows, then, that the metallocene component 
comprising a penta-substituted cyclopentadienyl radical 
may be effectively used with a broader range of activator 

20 compounds than may be a metallocene components comprising 
cyclopentadienyl radicals of a lesser degree of 
substitution. 

As the amount and size of the substitutions on a 
cyclopentadienyl radicals are reduced, however, more 

25 effective catalysts are obtained with activator compounds 
containing non-coordinating anions which are larger in 
size and more resistant to degradation. In the case 
where the non-coordinating anion is an anionic 
coordination complex, such as a tetraphenylboron 

30 derivative, substitutions on the phenyl rings can be used 
to prevent the transfer of a proton or an entire phenyl 
group from the anion to the metallocene metal cation. 
This can be accomplished by alJcyl substitution in the 
ortho positions of the phenyl groups, or, more 

35 preferably, by perf luoro-substitutions on the anion. 
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Thus, anionic coordination complexes containing 
perf luorophenyl- , trif luoromethylphenyl- , or bis- 
brifluoromethylphenyl rings are preferred for this 
subgenus of activator components. When the non- 

5 coordinating anion contains a plurality of boron atoms as 
described in general formulae 6 and 7, more effective 
catalysts are obtained with activator compounds 
containing larger anions, such as those encompassed by 
Equation 7 and those having larger m values in Equation 

10 6* In these cases it is further preferable when using 

second compounds which are encompassed by Equation 6, 
that a + b + c » 2. Second compounds in which a + b + c 
« even-numbered integers of 4 or more have acidic B-H-B 
moieties which can react further with the metallocene 
15 metal cation formed, leading to catalytically inactive 
compounds . 

PPQCess of polyjnerUfrtiQn 

In accordance with a preferred procedure the 
selected ionic catalyst system for 

20 syndiotactic polyolef in production may be used to produce 
such poly-a -olefin by slurry polymerization utilizing the 
olefin monomer as the polymerization diluent in which the 
selected catalyst is dissolved in an amount sufficient to 
yield the type of polymer desired* Generally the 

25 polymerization process is carried out with a pressure of 
from 68.9 kPa to 6.89 MPa (10 to 1000 psi) , most 
preferably from 275 kPa to 4.14 MPa (40 to 600 psi). 
The polymerization diluent is generally 

maintained at a temperature of from about -10 to about 
30 ISO© c, preferably from about 20 to about 100»C, and most 
preferably from about 30 to about 90° C. The catalyst 
systems used by the process of this invention may also be 
employed in a high temperature/pressure polymerization 
process. In such, the pressure can be in the range of 
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34.5 kPa to 275.8 MPa (5,000 to 40,000 psi) and the 
temperature in the range of 120-300*C. 

The polymerization may be carried out as a batchvise 
slurry polymerization or as a continuous process slurry 

5 polymerization. The procedure of continuous process 
slurry polymerization is preferred, in which event o- 
olef in and catalyst are continuously supplied to the 
reaction zone in amounts equal to the o-olefin and 
catalyst removed from the reaction zone with the polymer 

10 in the product stream. 
EXAMPLES 

The following examples are intended to illustrate the 
invention, with Example 4 being concerned with 
syndiotactic polyolefin production according to the 

15 invention. Example 1 corresponds with Example 39 of 
EP-A-0277004 and is included to demonstrate the use of 
known metallocene ionic catalyst system to produce 
isotactic polypropylene. Similarly, Examples 2 and 3 
show that variants of such metallocenes also yield 

20 polymer in the isotactic form. In contrast, Example 4 
shows that a metallocene with structural and steric 
characteristics as described herein before will produce 
syndiotactic polymer. 

Example 1 

25 In this example, propylene was polymerized in liquid 

propylene by adding under a nitrogen atmosphere to a l L 
stainless-steel autoclave, previously flushed with 
nitrogen, 25 ml of a toluene solution containing rac- 
dimethylsilylbis(indenyl> hafnium dimethyl (10 mg) and 

30 N,N-dimethylanilinium tet.rakis(pentafluorophenyl) boron (5 
mg) . Propylene (500 ml) was added and the autoclave 
stirred at 40 # C for 4.5 hours. The autoclave was cooled 
and vented and the contents dried in a vacuum oven. The 
yield of isotactic polypropylene was 78.5 g. The weight- 

35 average molecular weight of this polymer was 555,000 and 
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the molecular weight distribution was 1.86. The polymer 
had a melting point of 139 *C. Analysis by 13 C NMR 
spectroscopy indicated that the polymer was about 95% 
isotactic. 

5 Example 2 

In this example, propylene was polymerized in liquid 
propylene by adding under a nitrogen atmosphere to a 1 L 
stainless-steel autoclave, previously flushed with 
nitrogen, 10 ml of a toluene solution containing rac- 

10 dimethylsilylbis(tetrahydroindenyl) hafnium dimethyl (6 
mg) and H, N-dimethylanilinium tetrakis- 
(pentaf luorophenyl) boron (10 mg). Propylene (300 ml) was 
added and the autoclave stirred at 60*C for 1 hour. The 
autoclave was cooled and vented and the contents dried in 

15 a nitrogen stream. The yield of isotactic polypropylene 
was 51.5 g. The weight-average molecular weight of this 
polymer was 106,000 and the molecular weight distribution 
was 2.59. The polymer had a melting point of 141. 9 *C. 
Example 3 

20 In this example, l-butene was polymerized in a 

hexane diluent by adding under a nitrogen atmosphere to 
a 1 L stainless-steel autoclave, previously flushed with 
nitrogen and containing 300 ml dry deoxygentated hexane, 

20 ml of a toluene solution containing rac- 
25 dimethyls! ly Ibis (indeny) hafnium dimethyl (30 mg) and N-- 
dimethy lanilinium t e tr aki s ( pent a f luorophenyl) boron (10 
mg) . l-Butene (100 ml) was added and the autoclave 
stirred at 40*C for 1 hour. The autoclave was cooled and 
vented and the contents stirred with acetone. The solid 
30 product was filtered off and dried in a nitrogen stream. 
The yield of isotactic poly- l-butene was 67 g. The 
weight-average molecular weight of this polymer was 
76,000 and the molecular weight distribution was 2.51. 
The polymer had a melting point of 99.2*C and was found 
35 by C-13 NMR to be 97.2% isotatic. 
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Example 4 

In this example, propylene was polymerized in a 
hexane diluent by adding under a nitrogen atmosphere to 
a 1 L stainless-steel autoclave, previously flushed with 

5 nitrogen and containing 100 ml dry deoxygentated hexane, 
2 ml of a toluene solution containing 2-cyclopentadienyl- 
2-fluorenylpropane zirconium dimethyl (30 mg) and N,N- 
dimethylanilinium tetrakis(pentafluorophenyl) boron (30 
mg) . Propylene (400 ml) was added and the autoclave 

10 stirred at 50 # C for 50 minutes. The autoclave was cooled 
and vented and the contents dried in a nitrogen stream. 
The yield of syndiotactic polypropylene was 7 g. The 
number-average molecular weight of this polymer was 
25,000 and the molecular weight distribution was 2. The 

15 polymer had a melting point of 122 *C. 
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CLAIMS: 

1 . A method for producing a syndiotactic crystalline poly-a - 
olefin, comprising the step of; 

(a) contacting an a -olefin monomer at a 
temperature and pressure sufficient to induce 
polymerization thereof with a catalyst comprising the 
reaction product of 

(i) a bis(cyclopeniadienyl) Grow? IVB 

metal component of the formula 




vherein M is titanium, zirconium or hafnium; 

A' is a divalent hydrocarbon or silahydrocarbon 
radical which structurally bridges together the 
cyclopentadienyl ring ligands; 

each X is independently selected from the group 
consisting of hydride radicals, hydrocarbyl radicals 
having from 1 to about 20 carbon atoms, substituted 
hydrocarbyl radicals vherein one or more of the hydrogen 
atoms are replaced with a halogen atom, organometalloid 
radicals comprising a Group IV-A element vherein each of 
the hydrocarbyl substitutions contained in the organic 
portion of said organometalloid independently contain 1 
to about 20 carbon atoms, or both X substituents are 
joined and bound to the metal atom to form a metallacycle 
ring containing from about 3 to about 20 carbon atoms; 

each cyclopentadienyl group has from zero to 4 substituents (R or R' ) 
where Ry 
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and R« y are independently hydrocarbyl radicals containing 
from 1 to 50 carbon a tons; substituted hydrocarbyl 
radicals wherein one or more of the hydrogen atoms is 
replaced by a halogen radical, an amido radical, a 
phosphido radical, an alkoxy radical, or radical 
containing a Lewis acidic or basic nctionality; 
hydrocarbyl substituted metalloid radicals wherein the 
metalloid is selected from the Group IV-A of the Periodic 
Table of elements; halogen radicals, amido radicals, 
phosphido radicals, alkoxy radicals, alkylborido 
radicals, or a radical containing a Lewis acidic or basic 
functionality; or two adjacent R groups are joined 
forming a C 4 to C 20 ring to give a saturated or 
unsaturated polycyclic cyclopentadienyl and "y" denotes 
the carbon atom of the cyclopentadienyl ring to which a 
R group is bonded; 

Ry and R'y being chosen such that they 

are of substantially different steric bulk and 
are bonded to cyclopentadienyl ring carbons so as to 
render each cyclopentadienyl ring to be symmetrical with 
respect to the A' bridging group but different with 
respect to each other; and 

(ii) an activator component comprising 
a cation capable of irreversibly reacting 
with a substituent of the bis (cyclopentadienyl) Group IVB 
metal compound to produce a bis (cyclopentadienyl) Group 
IVB metal cation; and 

an anion which is compatible with and non- 
coordinating to and capable of stabilizing the Group IVB 
metal cation and sufficiently labile to be displaced 
therefrom by an olefinic or acetylenically unsaturated 
substrate; 
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(b) and recovering a crystalline poly-o-olef in 
product which is predominantly of a syndiotactic 

stereochemical configuration. 

2. The method of claim 1, wherein the activator 
component is of general formula 

[ (L'-H) + ] d [ (M» ) n4 Q 1 Q 2 . . .Q n ] d ~ 
wherein: 

L' is a neutral Lewis base; 

H is a hydrogen atom; 

[L'-H] is a Bronsted acid; 

M' is a metal or metalloid selected from the 
Groups subtended by Groups V-B to V-A, VIII-B, VIII, I-B, 
II-B, III-A, IV-A, and V-A; 

Q l to <*n are selected, independently, from the 
group consisting of hydride radicals, dialkylamido 
radicals, alkoxide and aryloxide radicals, hydrocarbyl 
and substituted-hydrocarbyl radicals and organometalloid 
radicals and any one, but not more than one, of Q x to Q n 
may be a halide radical, the remaining Q l to Q n being, 
independently, selected from the foregoing radicals; 

s is an integer from 1 to 7; 

n is an integer from 2 to 8; and n - a * d. 
or of the general formula: 

[L'H] + [BAr 1 Ar 2 X 3 X 4 ]- 
Wherein: 

L' is a neutral Lewis base; 

H is a hydrogen atom; 

[L'-H]* is a Bronsted acid; 

B is boron in a valence state of 3; 

ATj and Ar 2 are the same or different aromatic 
or substituted-aromatic hydrocarbon radicals containing 
from about 6 to about 20 carbon atoms and may be linked 
to each other through a stable bridging group; and 
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X 3 and X 4 are radicals selected, independently, 
from the group consisting of hydride radicals, halide 
radicals, with the proviso that X 3 and X 4 will not be 
halide at the sane time, hydrocarbyl radicals containing 
from 1 to about 20 carbon atoms, substituted-hydrocarbyl 
radicals, wherein one or more of the hydrogen atoms is 
replaced by a halogen atom, containing from 1 to about 20 
carbon atoms, hydrocarbyl-substituted metal 
(organometalloid) radicals wherein each hydrocarbyl 
substitution contains from 1 to about 20 carbon atoms and 
said metal is selected from Group IV-A of the Periodic 
Table of the elements; 

or of the general formula: 
[L'-H] c [(CX).)(M"X') 0 X' b ] c -, or 
[L'-H] d [ [ [ (CX 3 ) a . (M-X 4 ) B . <X 5 ) b ] c, -] 2 M n+ ] d - 
wherein [L'-H] is either H*, ammonium or 'a 
substituted ammonium cation having up to 3 hydrogen atoms 
replaced with a hydrocarbyl radical containing from 1 to 
about 20 carbon atoms or a substituted-hydrocarbyl 
radical wherein one or more of the hydrogen atoms is 
replaced by a halogen atom phosphonium radicals, 
substituted-phosphonium radicals having up to 3 hydrogen 
atoms replaced with a hydrocarbyl radical containing from 
1 to about 20 carbon atoms wherein 1 or more of the 
hydrogen atoms is replaced by a halogen atom, containing 
from 1 to about 20 carbon atoms and the like; C is 
carbon, M" is boron or phosphorus; each of X, X', X", X 3 , 
X 4 and X s are radicals selected, independently from the 
group consisting of hydride radicals, halide radicals, 
hydrocarbyl radicals containing from 1 to about 20 carbon 
atoms, substituted-hydrocarbyl radicals, wherein one or 
more of the hydrogen atoms is replaced by a halogen atom, 
containing from 1 to 20 carbon atoms, organometalloid 
radicals wherein each hydrocarbyl substitution in the 
organo portion contains from 1 to about 20 carbon atoms 
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and said metal is selected from Group IV_A of the 
Periodic Table of the Elements and the like; M is a 
transition metal; "a" and "b" are integers 0; "c" is an 
integer & l;a + b+ c*an even-numbered integer from 2 
to about 8 ; and "m" is an integer ranging from 5 to about 
22; N a ,n and n b' n are the same or a different integer & 
0; "c»" is an integer 2; a* + b» + c» * an even- 
numbered integer from 4 to about 8; "m" is an integer 
from 6 to about 12; "n N is an integer such that 2c' - n « 
d; and "d" is an integer greater than or equal to 1. 

3. The method of claim 1 or 2 wherein the 
activator component is: 

triethylammonium tetr a ( phenyl) boron , 
tripropylammonium tetra (phenyl) boron, tri(n- 
buty 1 ) ammonium tetra (phenyl ) boron , tr imethy lammonium 
tetra(p-tolyl) boron, tr imethy lammonium tetra (o- 
tolyl)boron, tributylammonium 
tetra (pentaf luorophenyl) boron, tripropylammonium 
tetra (o,p-d imethy lphenyl) boron, tributylammonium 
tetra (m , m-dimethylpheny 1) boron , tr ibuty lammoniumtetra (p- 
tri-f luoromethy lphenyl) boron, tri (n-butyl) ammonium 
tetra (o-tolyl) boron and the like; H,N-dialkyl anilinium 
salts such as N , N-dimethylanil inium 
tetra (pentaf luorophenyl) boron, N , H-d ie thy lan i 1 in ium 
tetra (phenyl) boron, H ,N-2 , 4 , 5-pentamethylanilinium 
tetra (phenyl) boron and the like; dialkyl ammonium salts 
such as di(i-propyl) ammonium 
tetra (pentaf luorophenyl) boron, dicyclohexylammonium 
tetra (phenyl) boron and the like; and triaryl phosphonium 
salts such as triphenylphosphonium tetra (phenyl) boron, 
tri (methy lphenyl) phosphonium tetra (phenyl) boron, 
or tri (dimethy lphenyl) phosphonium tetra (phenyl) boron. 
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4. The method of claim 1, 2, or 3, wherein the 
bis(cyclopentadienyl) Group IVB metal compound is a 
cyclopentadienyl-bridge-fluorenyl Group IVB metal 
compound, preferably a 2-cyclopentadienyl-2- 
fluorenylpropane Group IVB metal compound. 



5. The method of any preceding claim wherein the 
bis(cyclopentadienyl) Group IVB metal compound is used 
in a molar ratio with respect to the activator compound 
of from 10:1 to 1:1, preferably from 3:1 to 1:1. 

6. The method according to any preceding claim 
when carried out at a pressure of from 68.9 kPa - 6.89. 
MPa (10-1000 psi) , preferably from 275 kPa - 4.14 MPa 
(40 - 600 psi) and/or temperature of from 20 - 100*C, 
preferably from 30 - 90 °C. 

7. The method according to any preceding claim 
wherein the syndiotactic polyolefin product has weight 
average molecular weight greater than 100,000 and/or 
narrow molecular weight distribution. 

8. The method according to any preceding 
claim wherein the polyolefin product is syndiotactic 
polypropylene . 
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